administration of MIP-1α or MCP-1 DNA generated self-specific immunity against the product of each construct. Each self-specific Ab titer accelerated in accordance with the progression of disease in control EAE rats and regressed after recovery. These Ab's were neutralizing in vitro and capable of transferring a high state of EAE resistance. The current study uses a similar strategy to generate FasL-specific immunity and evaluate the role of FasL in the regulation of EAE.
Methods
Rats. Female Lewis rats, approximately 6 weeks old, were purchased from Harlan Laboratories Ltd. Israel (Jerusalem, Israel) and maintained under specific pathogen-free conditions in our animal facility.
Peptide antigens. Myelin basic protein (MBP) p68-86, Y G S L P Q K S Q R S Q D E N P V, was synthesized and purified as described elsewhere (13) . Only peptides that were greater than 95% pure were used in our study.
Immunizations and active disease induction. Active EAE was induced as described elsewhere (13) . Rats were then monitored daily for clinical signs by an observer blind to the treatment protocol. EAE was scored as follows: 0, clinically normal; 1, flaccid tail; 2, hindlimb paralysis; 3, total hindlimb paralysis, accompanied by an apparent front-limb paralysis; 4, total hindlimb and front-limb paralysis.
T-cell lines and induction of transferred EAE. MBP p68-86 T-cell line was selected as we described elsewhere (25) . Transferred EAE was induced by immunizing Lewis rats intraperitoneally with 10 7 in vitro-activated (day 3) T cells from the encephalitogenic line L68-86. EAE was scored as described above.
Production of FasL construct and DNA vaccination. First, RT-PCR analysis was used on brain samples according to the protocol we described elsewhere (25) . FasL specific oligonucleotide primers were designed based on its published sequence (NCBI accession number U03470) as follows: rat Fas ligand sense 5′-CATGCAGCAGCCCGT-GAATTACCC-3′, rat Fas ligand antisense 5′-TTAAAGCT-TATATAAGCCAAAAAAGGT-3′. After cloning and sequencing of PCR products (25) , cDNA encoding rat Fas ligand was transferred into a pcDNA3 vector (Invitrogen, San Diego, California, USA) and used as a construct for DNA vaccination as described elsewhere (25) .
Production and purification of recombinant FasL. FasL PCR product was recloned into a pQE expression vector, expressed in Escherichia coli (QIAGEN, Chatsworth, California, USA) and then purified by an NI-NTA-supper flow affinity purification of 6× His proteins (QIA-GEN). After purification, the purity of recombinant FasL was verified by gel electrophoresis. The recombinant protein sequence was verified (NH 2 -terminus) by our sequencing services unit.
Evaluation of anti-FAS ligand Ab titer in sera and spinal cord fluid of DNA-vaccinated rats.
A direct ELISA assay was used to determine the anti-Fas ligand Ab titer in sera and spinal cord fluid (SCF) from DNA-vaccinated rats. SCF was obtained as described in detail elsewhere (26) .
The recombinant Fas ligand, which we produced, was coated onto 96-well ELISA plates (Nunc, Roskilde, Denmark), at concentrations of 50 ng/well. Rat antisera, in serial dilutions from 2 8 to 2 30 , were added to ELISA plates. Goat anti-rat IgG alkaline phosphataseconjugated Ab's (Sigma Chemical Co., St. Louis, Missouri, USA) were used as a labeled Ab, and p-nitrophenyl phosphate (p-NPP) (Sigma Chemical Co.) was used as a soluble alkaline phosphatase substrate. Results are shown as log 2 Ab titer plus or minus SE.
CNBr purification of FasL-specific Ab's. Recombinant rat FasL (5 mg) was bound to a CNBr-activated Sepharose column according to the manufacturer's instructions (#17-0820-01; Amersham Pharmacia Biotech, Piscataway, New Jersey, USA). FasL-specific Ab's from sera (IgG fraction) of DNA-vaccinated rats were loaded on the column and then eluted by an acidic elution buffer (glycine, pH 2.5). Isotype determination of the purified Ab (ELISA) revealed that purified Ab's are mostly of the IgG2a isotype (data not shown).
Western blot analysis. Plasma membranes were obtained from freshly isolated or 24-hour-activated spleen cells as described elsewhere (27) . Proteins were then separated by an SDS-PAGE under reducing conditions and subjected to Western blot analysis according to the protocol described in detail elsewhere (28) with the minor modification of using an 12% (rather than 8%) running gel. CNBr-purified anti-FasL Ab generated by naked DNA vaccination, IgG from normal rat serum (final concentration of 10 µg/mL each), and the commercially available FasL-specific mAb (rat anti-mouse/rat clone H11, #804-010-c100, at a final concentration of 1:10,000; Alexis Biochemicals, San Diego California, USA) were used as primary Ab's. The rat IgG2a isotype dominates the Ab titer in DNA-vaccinated rats (data not shown), as does clone H11. Goat anti-rat alkaline phosphate-conjugated Ab (Sigma Chemical Co.) was used in a second step. BCIP (0.15 mg/mL; Sigma Chemical Co.) and nitro blue tetrazolium (0.3 mg/mL; Sigma Chemical Co.) were then used as a substrate.
FACS analysis. Cells were washed once in FACS buffer (PBS, 0.25% BSA, 0.05% sodium azide), and then incubated for 0.5 hour in FACS buffer enriched with 1% normal rat serum. Then cells were resuspended (4°C, 0.5 hours) in 96-well U plates (10 6 /well) with 10 µL FACS buffer supplemented with 0.5 µg/mL of either anti-FasL self-specific Ab's generated in DNA-vaccinated rats (CNBr-purified IgG, as described above) or normal rat IgG. Cells were then washed three times and incubated (4°C, 0.5 hours) with 50 µL of FACS buffer supplemented with goat anti-rat IgG-FITC (#F6258, 1:10,000 dilution; Sigma Chemical Co.). Cells were then washed twice and analyzed in the presence of propidium iodide (PI) using a FACScalibur (Becton Dickinson, Mountain View, California, USA). Data were collected for 10,000 events and analyzed using a Cell Quest program (Becton Dickinson).
Cytokine determination in cultured primary spleen cells. Spleen cells from EAE donors were stimulated in vitro (10 7 cells/mL) in 24-well plates (Nunc) with 100 µM p68-86. After 72 hours of stimulation, supernatants were assayed for the protein level of various cytokines using the commercially available ELISA kits we have specified elsewhere (13, 29) .
Measurement of TNF production by activated macrophages. Levels of TNF-α in macrophage supernatants were determined as described previously (30) . Briefly, thioglycollate-elicited peritoneal macrophages were plated in a 96-U plates at a concentration of 5 × 10 5 cells/well and incubated in the presence of 1 µg/mL LPS (Salmonella enteritidis, L6011; Sigma Chemical Co.) at 37°C, 5% CO 2 , for 24 hours. TNF-α levels were determined using a commercial semi-ELISA kit (Genzyme, Cambridge, Massachusetts, USA).
Histopathology and immunohistochemistry. Histological examination of hematoxylin and eosin-stained sections of formalin-fixed, paraffin-embedded sections of the lower thoracic and lumbar regions of the spinal cord was performed. Each section was evaluated without knowledge of the treatment status of the animal. The following scale was used: 0, no mononuclear cell infiltration; 1, one to five perivascular lesions per section with minimal parenchymal infiltration; 2, five to ten perivascular lesions per section with parenchymal infiltration; and 3, more than ten perivascular lesions per section with extensive parenchymal infiltration. The mean histological score plus or minus SE was calculated for each treatment group. Immunohistochemical evaluation was done on frozen sections of the lower thoracic and lumbar regions of the spinal cord, as described by J. Westermann (31). Ab's used for cell staining were as follows: monocytes, ED1; T cells, R73; B cells, His14; NK cells, 3.2.3; and neutrophils, RP1 (31) .
In situ apoptosis assay and histomorphometric determination of terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling-positive cells. A commercially available terminal deoxynucleotidyl transferase-mediated (TdT-mediated) dUTP nick-end labeling (TUNEL) kit (Boehringer Mannheim, Ottweiler, Germany) has been used to assess the extent and localization of apoptosis in situ as descried in detail elsewhere (32) . Histomorphometric determination of TUNEL-positive cells was preformed using Olympus Cue-2 image analysis system with appropriate morphometric software (Olympus, Lake Success, New York, USA). Measurements were made in standardized fields with an area of 500,000 µm 2 . In each experimental group nine sections from three different spinal cords were analyzed (two fields per section). Results are shown as the mean of 18 samples ± SE. Double-staining immunohistological analysis was applied to characterize TUNEL-positive apoptotic cells as follows: Ab 8-18C5 directed against oligodendroglia glycoprotein (kindly provided by C. Linington, Max-Planck Institute, Munich, Germany) was used to stain oligodendrocytes (33) . Various leukocyte subtypes were stained using cell-surface markers as described above.
Statistical analysis. Significance of differences was examined using Student's t test. Mann-Whitney rank sum test was used to evaluate the significance of differences in mean of maximum clinical score. Values of P less than 0.05 were considered to be significant.
Results

FasL-encoding DNA vaccine blocks the development of EAE.
Rats were subjected to four weekly injections of FasLencoding DNA vaccines. Control rats were either injected with the pcDNA3 vector alone or with PBS. Two months after the last immunization, all rats were immunized with p68-86/CFA to induce active EAE. All control (PBS immunized) and pcDNA3-vaccinated rats developed active disease that persisted for 5-6 days (Figure 1 ; six of six in each group with a maximum clinical score of 2.83 ± 0.18 in control and 2.33 ± 0.23 in pcDNA3-immunized rats). In contrast, rats injected with the FasL naked DNA vaccine developed a markedly reduced degree of disease ( Figure 1 ; incidence of six of six with a maximum clinical score of 1.16 ± 0.18, P < 0.016, and P < 0.0002 for the comparison of this treatment with either pcDNA3 alone or PBS). Thus, the autoimmune response subsequent to administration of in vivo FasL naked DNA vaccine leads to a marked reduction in disease manifestation. No difference could be observed between the MBP p68-86-specific T-cell proliferative response developed in draining lymph node cells (DLNC) of rats subjected to FasL DNA vaccination and those administered the pcDNA3 vector alone (day 9 of disease, SI = 3.8 ± 0.3 vs 3.6 ± 0.4). Thus, inhibition of EAE in FasL DNA-vaccinated rats ( Figure  1 ) could not be explained by a reduction in antigen-specific T-cell response.
FasL-encoding DNA vaccine induces breakdown of tolerance to its gene product and generates immunity to native membrane-bound FasL. DNA vaccination can potentially elicit both cellular and humoral responses against
Figure 1
Targeting FasL activity by self-specific naked DNA ameliorates EAE. Rats were immunized weekly with the cloned PCR products of FasL ligated into a pcDNA3 eukaryotic expression vector, with the pcDNA3 vector alone, or with PBS. Two months after the last immunization, all rats were immunized with p68-86/CFA to induce active EAE and were monitored for clinical signs daily by an observer blind to the treatment protocol. Results are shown as mean clinical score of six rats per group ± SE. products of a given construct. To determine whether the administration of FasL-DNA vaccines leads to a breakdown of tolerance to self, Lewis rats were subjected to four weekly injections of the FasL-DNA construct as described in Figure 1 . Two months after the last immunization, when FasL-specific Ab titer retained a base-line level, these rats, and rats treated with either the pcDNA3 alone or PBS, were injected with p68-86/CFA to induce active EAE. Representative rats from each group were injected with CFA alone. At different time points blood serum and SCF from representative rats were analyzed for the presence of Ab's to FasL. An elicited titer to the above gene product was observed both in blood serum and SCF of FasL DNA-vaccinated rats 8 days after disease induction. This titer reached its maximal level on day 13 ( Figure  2a ; P < 0.001 for the compression of log 2 Ab titer for each control group compared with the respective FasL DNA-vaccinated rat). Taken together, our results suggest that FasL naked DNA vaccination leads to a breakdown of immunological tolerance, resulting in the generation of an immunological memory that is turned on upon EAE induction (Figure 2a) . CFA immunization alone significantly increased the production of self-specific Ab's to FasL in DNA-vaccinated rats (P < 0.01), though to a much lesser extent than did an induction of active disease. The immunological basis of these differences is not yet fully understood and is discussed below.
We then determined whether the above self-specific Ab's bind native FasL. Plasma membrane proteins were obtained from either nonactivated (Figure 2b (Figure 2c ) and thioglycollate-elicited peritoneal macrophages that were activated in vitro by LPS (Figure 2d ). In accordance with the Western blot analysis, these self-specific Ab's profoundly bound activated cells of both types. Thus, self-specific Ab's generated in DNA-vaccinated rats not only bind recombinant FasL, to which they had been immunized (Figure 2a ), but also its natural, membrane-bound form (Figure 2, b-d) . We then further evaluated the in vivo and in vitro characteristics of these Ab's.
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Figure 2
FasL-specific Ab's generated in DNA-vaccinated rats bind native FasL. Lewis rats were subjected to four weekly injections of the FasL DNA construct as described in Figure 1 . Two months after the last immunization, when FasL-specific Ab titer retained a base line, these rats, as well as rats treated with either the pcDNA3 alone or PBS, were injected with p68-86/CFA to induce active EAE and were sacrificed at different time points. Blood serum and SCF from these rats were analyzed for the presence of Ab's to FasL. FasL-specific Ab's generated in DNA-vaccinated EAE rats significantly reduce TNF-α production during antigen-specific primary response. The addition of FasL self-specific Ab's to MBP-specific (p68-86) cultured spleen cells led to a marked decrease in TNF-α production (Figure 3a , P < 0.001), but not in the production of either IFN-γ ( Figure  3b ), IL-4 (Figure 3c ), or IL-10 (not shown). The addition of these Ab's to the cultured spleen cells had no significant effect on antigen-specific T-cell proliferative responses (Figure 3d , SI = 3.45 vs. 3.6). These results are remarkable since our FasL self-specific Ab's exhibit very low cross-reactivity to TNF-α (Figure 3e ; log 2 Ab titer of 24 vs. 4, P < 0.0001). During an antigen-specific immune response, TNF-α is produced not only by activated T cells but also by macrophages. To elucidate the direct effect of the FasL self-specific Ab's on TNF-α production by activated macrophages, thioglycollate-elicited peritoneal macrophages were activated (in vitro) by LPS, with or without the addition of either control IgG from naive Lewis rats or with purified FasL-specific Ab's (Figure 4) . Only the addition of FasL self-specific Ab's led to a significant reduction in TNF-α production by these cells (Figure 4 , 990 ± 48 vs. 720 ± 40 pg/mL, with backgrounds of 620 ± 34 and 630 ± 42 pg/mL, respectively; P < 0.01). These Ab's did not affect the viability of cultured macrophages (as determined by trypan blue uptake). Thus, the reduction in TNF-α production in the presence of FasLspecific Ab's could not be explained by a possible loss of viability of macrophages. To determine whether the reduction above could be attributed to a direct effect on TNF-α-specific mRNA transcription, the experiment described above (Figure 4a ) was repeated once again, and levels of mRNA encoding either TNF-α or IL-18 were determined as we describe in detail elsewhere (13, 29) . It appears that cultured macrophages exhibited a marked reduction in TNF-α, but not in IL-18, mRNA transcription ( Figure  4b ). This may explain the significant reduction in TNF-α production in these cells (Figure 4a) and possibly in primary cultured spleen cells (Figure 3a) . Similar results were also obtained using a commercially available Ab (clone H11 , and IL-4 (c) were determined. The effect of these Ab's on the primary T-cell response to 100 µM of MBP p68-86 (d) was determined by an in vitro proliferation assay. Antigen specificity of these Ab's (e) was determined by a direct ELISA assay. The recombinant Fas ligand, which we produced, or commercially available TNF-α was coated onto 96-well ELISA plates at concentrations of 50 ng/well. Rat anti-sera, in serial dilutions from 2 8 to 2 30 , were added to ELISA plates. Goat anti-rat IgG alkaline phosphatase-conjugated Ab's were used as a labeled Ab and p-NPP was used as a soluble alkaline phosphatase substrate. Results are shown as mean of triplicates ± SE. A P < 0.001.
Figure 4
FasL-specific Ab's generated in DNA-vaccinated rats significantly reduce TNF-α transcription and production in LPS-activated macrophages. Thioglycollate-elicited peritoneal macrophages were activated (in vitro) by LPS, with or without the addition of total IgG from naive rat or purified FasL-specific Ab's obtained as described in the legend to Figure 3 . Twenty-four hours later, supernatants were collected and levels of TNF-α were determined. Results of triplicates are shown as mean ± SE (a). Additionally, at this time mRNA was extracted and subjected to RT-PCR analysis of TNF-α and IL-18 mRNA transcription (b), as described elsewhere (13, 29) .
fer protection against active ( Figure 5a ) and transferred (Figure 5b ) EAE. The subsequent administration of these Ab's starting 1-3 days before the onset of disease led to a marked reduction in the clinical ( Figure 5 , a and b) and histological ( Figure 6 ) score of disease. That is, all control EAE rats immunized with p68-86/CFA and then treated with either PBS or with IgG (protein G purified) from either naive or pcDN3-treated EAE rats developed severe EAE (Figure 5a ; mean maximal score of 2.5 ± 0.24, 2.33 ± 0.23, and 2.33 ± 0.23, respectively). In contrast, those treated with purified FasL-specific Ab's exhibited a mild form of disease (mean maximal score of 0.833 ± 0.3, P < 0.001, compared with each control group). Disease inhibition was accompanied by a significant, but not total, reduction in parenchymal mononuclear cell infiltration (Figure 6d vs. Figure 6 , b and c, mean histological scores of 1 ± 0 vs. 2.3 ± 0.2 in each control group).
To assess the possibility that the administration of FasLspecific Ab's affected apoptosis in the CNS, we analyzed EAE lesions for DNA fragmentation within dying cells by using the TUNEL assay. CNS sections from a naive brain with no mononuclear infiltration (Figure 6a ) did not show any TUNEL-positive cells. In contrast, sections from EAE brains of rats that were treated with either PBS or control IgG and that exhibited a substantial parenchymal mononuclear cell infiltration ( Figure 6 , b and c), displayed many TUNEL-positive cells in perivascular inflammatory cuffs and adjacent white matter (630 ± 45 and 570 ± 60 positive cells/mm 2 ; Figure 6 , f and g, demonstrate representative sections). However, a marked reduction in the number and intensity of apoptotic cells could be found in CNS sections from rats that were treated with FasL-specific Ab's (less than 40 positive cells/mm 2 . Figure 6h demonstrates a representative section, P < 0.001 compared to Figure 6f and Figure 6g) . Interestingly, at this stage of disease (2 days after its onset), apoptotic mononuclear infiltrating cells could hardly be detected in any of these sections ( Figure 6 , e-h), suggesting that FasL-specific immunotherapy prevents the apoptosis of target CNS cells.
Administration of FasL-specific Ab's in the late stage of disease delays recovery from the acute phase.
Lewis rats were immunized with p68-86/CFA to develop active EAE (day 0). Ten days later, all rats (six of six per group) manifested apparent signs of paralysis ( Figure 7 , score 1 ± 0 in all groups). At various time points (days 12, 13, and 14) these rats were administered purified FasL-specific Ab's, obtained as described in the legend to Figure  3 . Control rats were administered either IgG from rats
Figure 5
Administration of FasL-specific Ab's during the early stage of disease confers resistance to EAE. (a) Lewis rats were immunized with p68-86/CFA to develop active EAE (day 0). At various time points (days 7, 9, 10, and 12) these rats were administered 100 µg/rat of purified FasL-specific Ab's, obtained as described in the legend to Figure 3 . Control rats were administered either IgG from rats that were vaccinated with pcDNA3 and then subjected to active induction of disease ( Figure 1, day 13) , or with IgG from naive Lewis rats. All rats were then monitored for clinical signs daily by an observer blind to the treatment protocol. Results are shown as mean clinical score of six rats per group ± SE. (b) Lewis rats were administered L68-86 to induce transferred EAE (day 0). On days 4 and 5 these rats were administered 100 µg/rat of each of the Ab's described in a. All rats were monitored for clinical signs daily by an observer blind to the treatment protocol. Results are shown as mean clinical score of six rats per group ± SE.
Figure 6
CNS histology and in situ apoptosis after early administration of FasL-specific Ab's. Twelve days after active induction of EAE, representative rats from each of the groups described in the legend to Figure 5a were sacrificed. Sections of the lower thoracic and lumbar regions of the spinal cord of three different rats per group were subjected to histological (a-d) and in situ TUNEL staining (e-h). Each section was evaluated without knowledge of the treatment status of the animal. Representative staining from each group is shown (×40) as follows: a and e, naive rat; b and f, control PBS-treated EAE rat; c and g, control IgG-treated EAE rat; d and h, antiFasL-treated EAE rat. Histomorphometry analyses were done on 18 different fields from each group and are given in the text. Arrows indicate apoptotic cells.
that were vaccinated with pcDNA3 and then subjected to active induction of disease (Figure 1, day 13 ) or with IgG from naive Lewis rats (Figure 7 ). Whereas control rats recovered from the acute phase of disease by day 15, those treated with FasL-specific Ab's continued to manifest clinical paralyses for another 4-5 days ( Figure  7 ). On day 18, when control rats had all fully recovered, those treated with FasL-specific Ab's still manifested clinical paralysis. Representative rats from each of the groups were sacrificed. Sections of the lower thoracic and lumbar regions of the spinal cord of three rats per group were subjected to histological (Figure 8 , a-c) and in situ TUNEL staining (Figure 8, d-f) . Control post-EAE rats that were treated with PBS or with control IgG exhibited only few infiltrating mononuclear cells per section (Figure 8, a and b) , whereas those treated with FasL-specific Ab's displayed an extensive parenchymal mononuclear cell infiltration (Figure 8c) . TUNEL staining clearly revealed that in post-EAE rats (Figure 8, d and e) mononuclear, but not CNS, resident cells undergo extensive apoptosis (Figure 8, d and e, compared with early stages of disease, Figure 6 , f and g). This could explain, in part, the disappearance of mononuclear cells from the site of inflammation at this stage of disease (Figure 8 , a and b, compared with Figure 6 , b and c). In contrast, sections from EAE rats that were subjected to late administration of FasL-specific Ab's show very few TUNEL-positive mononuclear cells (less than 40/mm 2 compared with 520 ± 30 and 540 ± 25 positive cells/mm 2 in nontreated or normal IgG-treated control rats, P < 0.001). This may then explain, in part, their apparent accumulation at the site of inflammation (Figure 8c ), which correlates with the delay in recovery (Figure 7) . Finally, we have used immunohistochemical analysis of spinal cord samples to distinguish different leukocyte subsets at various stages of active EAE in positive control and anti-FasL-treated rats. In these experiments, double staining was also applied to characterize the TUNEL-positive cells. At the onset of disease (day 9), about 45% of infiltrating cells were ED1-positive macrophages compared with 20% R73-positive T cells, 15% His14-positive B cells, 5% 3.2.3-positive NK cells, and 15% RP1-positive neutrophils. At the peak of disease (day 12) and just after recovery (day [15] [16] , the vast majority of detected leukocytes were ED1-positive macrophages (60% and 75%, respectively), 20% and 15% T cells, and less than 10% from each of the other cell types. Interestingly, in rats that were treated at a late stage of disease with anti-FasL Ab's, and therefore displayed a continuing illness (Figure 6 ), the ratio of ED1-positive macrophages and T cells at the site of inflammation was in favor of the T cells (day 16, 30% ED1-positive macrophages vs. 45% positive T cells). Surprisingly, just after recovery (day 15), the vast majority of TUNEL-positive mononuclear cells were ED1-positive macrophages. It has also been shown by others that before recovery, T cells preferentially undergo apopto-
Figure 7
Administration of FasL-specific Ab's during the late stage of disease delays recovery from its acute phase. Lewis rats were immunized with p68-86/CFA to develop active EAE (day 0). At various time points (days 12, 13, and 14) these rats were administered 100 µg per rat of either purified FasL-specific Ab's, obtained as described in legend to Figure 3 . Control rats were administered either IgG from rats that were vaccinated with pcDNA3 and then subjected to active induction of disease ( Figure 1, day 13 ) or with IgG from naive Lewis rats. All rats were then monitored for clinical signs daily by an observer blind to the treatment protocol. Results are shown as mean clinical score of six rats per group ± SE.
Figure 8
CNS histology and in situ apoptosis after late administration of FasLspecific Ab's. Eighteen days after active induction of EAE, representative rats from each of the groups that are described in the legend to Figure 7 were sacrificed. Sections of the lower thoracic and lumbar regions of the spinal cord of three different rats per group were subjected to histological staining (a-c) and in situ TUNEL staining (d-f). Each section was evaluated without knowledge of the treatment status of the animal. Representative staining from each group is shown (×40) as follows: a and d, control PBS-treated EAE rat; b and e, control IgG-treated EAE rat; c and f, anti-FasL-treated EAE rat. Histomorphometric analyses were done on 18 different fields from each group and is given in the text. Arrows indicate apoptotic cells.
sis at the site of inflammation (33, 34) . We therefore suggest that saving T cells and macrophages from apoptosis, at late stages of disease, may provide a milieu for a continuing illness. Interestingly, under these conditions the T-cell/macrophage ratio is in favor of the T cells. This not only demonstrates the role of FasL in the regulation of the late stage of disease, but also emphasizes the pivotal role of T cells as the driving force of the inflammatory condition. At the peak of the disease in control EAE rats (day 12), the vast majority of ED1-positive apoptotic cells in spinal cord sections resembled in shape and size CNS resident cells (i.e., microglia), rather than invading monocytes/macrophages ( Figure 6, f and  g ). Using the 8-18C5 mAb directed against oligodendroglia glycoprotein, we could not find compelling evidence to demonstrate direct apoptosis of oligodendrocytes. This further supports recent findings suggesting that in EAE, and probably in MS, loss of oligodendrocytes is due to necrosis (probably induced by glutamate excitotoxicity) rather than apoptosis (35) .
Discussion
This study uses the novel technology of naked DNA vaccination to generate protective immunity against a self gene product (FasL) and thus to interfere with the development of a T cell-mediated autoimmune disease. Thereafter, it uses self-specific Ab's generated in DNA-vaccinated rats to explore the dual role of FasL in T cell-mediated autoimmunity.
We have demonstrated recently that naked DNA vaccines that include constructs encoding self-proinflammatory chemokines (25, 36) or TNF-α (29), together with an immunostimulatory sequence (ISS) (37, 38) , may be used to elicit a breakdown of tolerance to self. The current study extends these findings to FasL, a transmembrane protein that also appears as a soluble ligand. Interestingly, the induction of an autoimmune condition elicited the generation of self-specific immunity to this gene product much stronger than CFA immunization alone. The underlying mechanism is not fully understood. A partial explanation for this interesting phenomenon has been suggested previously by C.C. Goodnow and his group (39) . This group demonstrated that peripheral clonal exclusion of self-reactive B cells occurs at germinal centers of lymph nodes that drain tissues lacking immune surveillance (i.e., immune-privileged areas), where competition for follicular niches do not exclude self-reactive cells from the recirculating B-cell repertoire (39) . Thus, production of proinflammatory cytokines, chemokines, or FasL at the CNS would not lead to clonal exclusion of self-reactive B cells, as would their production at a site with no immune prevalence. We think that DNA vaccination that enhances an effective breakdown of tolerance to self gene products allows a further amplification of this process. At this point, we cannot exclude the possibility that immunocomplexes, possibly generated during an autoimmune condition, contribute to the elicited Ab titer determined in DNA-vaccinated EAE rats.
Since EAE resistance in DNA vaccinated rats was associated with production of self-specific Ab's, we have determined their possible contribution to the tolerant state by adoptive transfer experiments. Interestingly, whereas our FasL self-specific Ab's could block the development of EAE when administered before the peak of disease ( Figure 5 ), they delayed recovery when inoculated at a later time (Figure 7) . This clearly implies a dual role for FasL in the regulation of EAE and possibly other T cell-mediated autoimmune diseases. Why should an early administration of FasL-specific Ab's prevent EAE?
It has been well documented that Fas-FasL interactions can lead to apoptosis of cells at a target organ. The current study also demonstrates a role of FasL in the regulation of TNF-α, a highly important mediator of the inflammatory process in EAE (10, 11) and probably other T cell-mediated autoimmune diseases. Our study demonstrates, we believe for the first time, that anti-FasL Ab's downregulate mRNA transcription on activated macrophages (Figure 4b ). Along with this observation, early administration of FasL Ab's led to a significant decrease of TNF-α mRNA transcription at the site of inflammation (day 12, RT-PCR on spinal cord samples; data not shown). Hence, it is not clear what contributed more to disease inhibition, the direct effect of anti-FasL on TNF-α mRNA transcription in activated macrophages (Figure 4b ) or the quantitative reduction in the accumulation of macrophages and T cells at this site ( Figure 6 ). It is conceivable that in addition to the direct blockade of the Fas-FasL interactions, anti-FasL Ab's inhibit the production of TNF-α and thus inhibit EAE. A major difference between these effects is that the Fas-FasL interaction may also include non-MHC class II-expressing resident cells of the CNS and may thus include a bystander response, which may contribute to the destructive effect of this interaction (19) . This interaction has also been associated with the apoptosis of non-MHC class II-expressing resident cells of the CNS in MS, as well (40, 41) .
In contrast to their protective competence, at early stages of disease administration of FasL Ab's after the peak of disease delayed recovery. It has been documented that before recovery T cells undergo apoptosis at the site of inflammation (33, 34) . However, the fate of invading macrophages after recovery is still elusive. It has been suggested that at the end of an inflammatory process macrophages do not undergo apoptosis but rather leave the site of inflammation (42) . Our data clearly show that after recovery from EAE-invading ED1-positive macrophages do undergo apoptosis and that anti-FasL Ab's administered at that time preserve the continuing persistence of T cells and macrophages at the site of inflammation, and thus prevent recovery. It is not clear, however, why T cells and macrophages undergo apoptosis at late stages, but to a much less extent at early stages of disease. It is also not fully understood why FasL Ab's display a different effect on leukocyte apoptosis when administered at different time points. A recent work of Zhang et al. (43) showing that different CD4 + T-cell subtypes display different sensitivity to FasL-mediated apoptosis may provide a partial explanation for the observation above and its clinical implications.
